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E-mail address: gerhard.krauss@uni-bayreuth.de (Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated protein
genes (cas genes) are ubiquitous in archaea and eubacteria. It has been suggested that CRISPR
and CAS proteins act as an immune system preventing the invasion of foreign genomic elements
at the DNA level. The protein SSO1450 from Sulfolobus solfataricus (Sso) P2 belongs to the CAS1 clus-
ter which is one of the core protein clusters most frequently associated with CRISPR sequences. In
this study we show that SSO1450 is a high-afﬁnity nucleic acid binding protein. It binds DNA, RNA
and DNA–RNA hybrid apparently sequence non-speciﬁc in a multi-site binding mode. Furthermore,
SSO1450 promotes the hybridization of complementary nucleic acid strands.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Clustered regularly interspaced short palindromic repeats
(CRISPR) are ubiquitous in prokaryotes. They are found in about
half of the bacterial and most archaeal genomes [1–3]. The CRISPRs
share unique features and are now considered as a new family of
prokaryotic repeats that are easily distinguishable from other
recurrent motifs. The repeats typically comprise short sequences
of 21–48 bp, containing inverted repeats separated by similarly
sized non-repetitive spacer sequences. The sequences of the re-
peated units are conserved in members of the same phylogenetic
group, and there is a high percentage of similarity even among
domains. Sequences and numbers of CRISPR repeats frequently di-
verge between microbial sequences varying from 2 to 249 repeats
per array. Some microbial species harbor a single CRISPR locus
whereas others contain up to 18 loci [1,3–5].
CRISPR sequences have been found to be ﬂanked by protein
genes named cas (CRISPR-associated) genes and their encoded pro-
teins are therefore called CAS proteins [2]. They are typically orga-chemical Societies. Published by E
SPR-associated system; COG,
regularly interspaced short
ectrophoretic mobility shift
nt dissociation constant; LB,
m; PAGE, polyacrylamide gel
dodecylsulfate; Sso, Sulfolobus
air; nt, nucleotide
G. Krauss).nized in small clusters and are associated with speciﬁc subtypes of
CRISPRs. The number of cas genes associated with CRISPR subtypes
is also variable, ranging from 6 to more than 20. The speciﬁc do-
mains of CAS proteins have been predicted to harbor nuclease,
helicase, recombinase, integrase and RNA and/or DNA binding
activities [6,7].
CRISPR and CAS proteins have been predicted to form a prokary-
otic defense system (CASS, CRISPR-associated system) acting at the
DNA level which can be compared with the eukaryotic RNA inter-
ference system [3,7–10]. This phenomenon was ﬁrst identiﬁed
from Streptococcus thermophilus infected by bacteriophage. One
cas protein gene (cas7) was involved in this process [11]. Later
on, two CAS proteins and one complex of CAS proteins were char-
acterized to possess endonuclease activity [12–14]. A novel CAS
protein has been identiﬁed as an endonuclease in our laboratory
as well [15]. However, the mechanism of acquiring resistance re-
mains unknown.
CAS1 proteins appear to be highly essential in CASS. They are
one of the CAS proteins found consistently in all species possessing
CRISPR loci and are now considered as marker protein for CASS
detection. By homology searches, CAS1 proteins had been pre-
dicted as novel nucleases [7]. In this study, a cas1 gene homologue
from Sulfolobus solfataricus (Sso) P2 strain, sso1450 was cloned and
expressed in Escherichia coli. Its product, SSO1450, binds DNA and
RNA with high afﬁnity in an apparent sequence non-speciﬁc man-
ner and it can promote the annealing of complementary ssDNA
strands. We could not detect nuclease activity of SSO1450.lsevier B.V. All rights reserved.
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2.1. Cloning and expression of SSO1450
The sso1450 gene was ampliﬁed by PCR from Sso P2 genomic
DNA using primers S1450-for (CATGCCATGGGCGTGATAAGCGT-
GAGGACTTT) and S1450-rev (GCCGAATTCCCCATCACCAACTT-
GAAACCCC). The primers created the NcoI and EcoRI restriction
sites (underlined letters) upstream and downstream of the
sso1450 gene, respectively. The sso1450 gene was subcloned into
the multi-cloning sites of plasmid pET-28c(+) (Novagen) behind
the hexahistidine codons. This recombinant plasmid was trans-
formed into E. coli Rosetta(DE3)pLysS strains.
For expression, 1 l of inoculated Luria–Bertani medium (LB) was
cultured at 37 C until optical density at 600 nm (OD600) reached
0.8–1.0. The culture was then cooled down to 30 C and the expres-
sion was induced by addition of 0.1 mM of isopropyl-b-D-thioga-
lactoside (IPTG). When OD600 was >1.5, the cells were harvested
by centrifugation.
2.2. Puriﬁcation of SSO1450
The cell pellet (1 g) was thawed in 10 ml cell lysis buffer
containing 50 mM Tris–Cl, pH 7.5, 150 mM NaCl, 20% glycerol,
2 mM b-mercaptoethanol and 10 mM imidazole and was imme-
diately sonicated (Soniﬁer B15, Branson). After centrifugation,
the supernatant was loaded onto a 1 ml Co2+-Talon metal afﬁnity
column (Clontech). Target protein was eluted by addition of
150 mM imidazole. The pooled fractions were dialyzed against
storage buffer containing 50 mM Tris–Cl, pH 7.5, 100 mM NaCl,
50% glycerol and 1 mM dithiothreitol (DTT). The aliquots were
shock frozen in liquid nitrogen and were then stored at 70 C
until use.
2.3. Preparation of DNA or RNA oligonucleotide substrates
The 50-end radioactively labeled DNA was prepared by labeling
with [c-32p]-ATP following standard procedures. The 50-end ﬂuo-
rescein labeled DNA or RNA oligonucleotides were purchased from
OPERON, Germany.
2.4. Hybridization of oligonucleotides
The mixture of the complementary strands (DNA/DNA, DNA/
RNA, and RNA/RNA) was incubated in the hybridization buffer
(20 mM Tris/AcOH, 10 mMMg(OAc)2, 50 mM KOAc, 1 mM EDTA,
pH 7.9) at 90 C for 1 min. Then the mixture was cooled down
slowly (0.02 C/s) to 25 C. Over 95% of the complementary strands
were hybridized.
2.5. Electrophoretic mobility shift assay (EMSA)
Radioactively labeled DNA and protein were incubated at room
temperature and neutral pH for 5 min. Samples were then sepa-
rated on 4% native polyacrylamide gel electrophoresis (PAGE) gels
at 4 C. The radioactivity was afterwards counted in Typ Instant
Imager 2024 (Canberra-Packard).
2.6. Renaturation of DNA complementary strands
A 50-end labeled 287 bp dsDNA was obtained by PCR using one
[c-32p]-ATP labeled primer. The product was puriﬁed by Plasmid
Miniprep Kit II (PeqLab). Denaturation was carried out at 95 C
for 5 min. The renaturation was performed with 5 nM of DNA
probe at increasing concentrations of protein in 20 min at 30 C.
The reaction was then stopped by addition of 0.5% sodium dodecyl-sulfate (SDS) and 20 mM EDTA and samples were then analyzed on
a 4% native PAGE gel.
2.7. Fluorescence anisotropy measurements
All experiments were performed using a LS50B spectroﬂuorom-
eter (Perkin–Elmer) equipped with a thermostat jacket. Excitation
and emission bandwidths were adjusted to 10 and 20 nm, respec-
tively. Fluorescence titrations using ﬂuorescein-labeled oligonucle-
otides were performed at 25 C through an excitation wavelength
of 495 nm with a vertical polarizing ﬁlter. Emission was monitored
at 525 nm using a 515 nm cutoff ﬁlter. Following sample equilibra-
tion, at least three data points with an integration time of 15 s
were collected for each titration point.
The direct anisotropy measurements were performed in ﬂuo-
rescence anisotropy buffer containing 20 mM Tris–Cl, 50 mM NaCl,
0.05% Tween20, pH 7.5. The concentration of the ﬂuorescein la-
beled probes was 5 nM. In competition titrations, a labeled DNA–
protein complex (5 nM DNA, 20 nM protein) was formed and was
then competed with increasing amounts of unlabeled probe until
the anisotropy remained constant.
In data analysis, anisotropy mean values were plotted against
the protein concentration and ﬁtted using a Hill binding model
in which, the equation is as follows:
nAþ B $ AnB
r ¼ ðrAB  rBÞ½A
n
Knd þ ½An
þ rB
where A represents the protein, B represents the oligonucleotide
probe, r represents the measured anisotropy values of the samples,
rB represents the initial anisotropy value in the absence of SSO1450
protein molecules, and rAB represents the ﬁnal anisotropy value
when the oligonucleotide probe is fully bound by protein molecules,
[A] represents the total amount of protein used, Kd is the apparent
dissociation constant and n is the Hill coefﬁcient. Data sets were ﬁt-
ted with the program Origin (Microcal).
3. Results
3.1. Preparation of SSO1450
SSO1450 is one of the few proteins obtained in soluble form
from E. coli system when the expression of wild-type cas gene
homologues from Sso P2 was studied in our laboratory. The C-ter-
minal His-tagged SSO1450 (37.2 kDa) could be puriﬁed by metal
afﬁnity chromatography and it was obtained in apparently homo-
geneous form.
When freshly prepared, the SSO1450 protein eluted from a cal-
ibrated gel ﬁltration column in a broad peak (data not shown).
This indicates the formation of oligomers in the absence of DNA/
RNA.
3.2. SSO1450 shows high afﬁnity to nucleic acid substrates
The binding afﬁnity of SSO1450 to various oligonucleotide
probes including CRISPR repeat and spacer sequences was investi-
gated under true equilibrium conditions by ﬂuorescence anisot-
ropy assays using 50-ﬂuorescenin labeled DNA or RNA
oligonucleotides as reporters of complex formation (Table 1). The
oligonucleotide probes included ss/dsDNA, ss/dsRNA and DNA/
RNA hybrid oligonucleotides which were ﬂuorescein labeled. In
the ﬂuorescence titration experiments, the anisotropy values of
the labeled probes varied from 0.02 to 0.28 with increasing protein
concentration indicating complex formation between SSO1450 and
Table 1
Some oligonucleotides sequences of binding substrates in ﬂuorescence anisotropy
assay.
Repeat or half length repeat sequences (red letters) and spacer1 sequence (blue
letters) of CRISPR locus neighboring SSO1450 were included in ﬂuorescence
anisotropy assay. The average Kd values are given in Table 2.
Fig. 2. Formation of a large complex of SSO1450 with DNA (36 nt) in EMSA.
Concentration of protein was 1 lM, concentration of DNA was 100 nM. The DNA
was 50-end radioactively labeled. The samples were incubated at 25 C for 30 min,
and then were analyzed by 4% native PAGE.
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titrations with labeled ss/ds RNA probes, strong binding is ob-
served as well. However, the complexes show a lower saturation
value of the anisotropy (Fig. 1A).
The binding afﬁnity of SSO1450 to ss/dsRNA oligonucleotides
and tRNA was also analyzed by a series of competition titrations.
In these experiments, a complex between SSO1450 and a ﬂuores-
cein labeled 12 nt ssDNA was preformed and then challenged with
increasing amounts of unlabelled ssRNA or dsRNA. As shown by
the decrease in anisotropy with increasing concentration of RNA,
the RNA competes efﬁciently with the labeled DNA for binding to
SSO1450. The data show that SSO1450 binds to the ss/ds DNA
and ss/ds RNA with approximately the same afﬁnity (Fig. 1A and
B). This ﬁnding suggests that SSO1450 contacts mainly the phos-
phate groups of the nucleic acids via ionic interactions.
The Kd values for binding of SSO1450 to RNA or DNA are in the
range of 18–50 nM. This is a quite high afﬁnity and may be com-
pared with the binding of the human RPA to damaged dsDNA (Kd
approx. 20 nM) [16] and with the binding of SSOSSB to ssDNA
(Kd approx. 10 nM) [17].
Of speciﬁc interest was a possible preference of SSO1450 for
binding to CRISPR related sequences. We therefore investigatedFig. 1. Binding of SSO1450 to ss/dsDNA and ss/dsRNA substrates. (A) Forward titration
anisotropies (r) of the complexes of protein and dsDNA; Red spots, of the complexes of p
rhombuses, of the complexes of protein and dsRNA; pink triangles, of the complexes of
nucleotide probes are 12 nt/bp long and their concentrations are 5 nM. (B) competition ti
was preformed and was then titrated with different competitor RNAs. Black rectangles r
triangle, of dsRNA, 24 bp; red spots, of tRNAArg.the binding of oligonucleotides derived from CRISPR repeat or
spacer units. Some of the probes containing the repeat or spacer1
sequence from the CRISPR located in front of the sso1450 gene
are included in Table 1. However, we could not detect a preferen-
tial binding of SSO1450 to the CRISPR derived probes. Possibly the
cognate speciﬁc binding sequence has yet to be identiﬁed. The
search for other conserved sequences by sequence comparison
does not reveal clear targets as additional binding probes.
Complex formation could be also followed by EMSA experi-
ments. When protein concentration was in 10-fold excess of ss/
dsDNA substrates, protein–DNA complexes were observed, that
hardly enter the gel (Fig. 2). This may be due to locally high con-
centrations of the protein complexes during electrophoresis and
the tendency of the protein to form higher oligomers.
3.3. Binding mode of SSO1450 on oligonucleotide substrates
Binding constants were determined from the titration curves
by ﬁtting the data with a multi-site binding mode. For all sub-
strates investigated, the best ﬁt could be obtained assuming the
binding of two monomers of SSO1450 to the oligonucleotides
(Fig. 3, for instance). The Kd values evaluated are summarized in
Table 2. The data show that SSO1450 binds ssDNA, dsDNA, ssRNA,
dsRNA and DNA–RNA hybrids with afﬁnities in the nanomolar
range. There is no obvious binding preference for the various
types of nucleic acid substrates. For the ssDNA oligonucleotides,
a dependence on the length of the probes is observed. The afﬁnity
clearly decreases with oligonucleotides shorter than nine nucleo-
tides. For the longer ssDNA and dsDNA probes, no change in
afﬁnity is observed in the length range of 12–36 bases of base
pairs.
SSO1450 appears to bind to the ssRNA and dsRNA probes with
about the same afﬁnity as it binds the DNA probes. The best ﬁt for
binding of the RNA probes could be obtained for a 2:1 stoichi-
ometry as for the DNA probes. The lower saturation values ofof SSO1450 with ﬂuorescein labeled DNA substrates. Black rectangles represent the
rotein and dsRNA; blue triangles, of the complexes of protein and ssDNA; light blue
protein and DNA/RNA hybrid; green triangles, titration of BSA with ssDNA. All the
tration. A complex of ﬂuorescein-labeled ssDNA (12 nt, 5 nM) and SSO1450 (20 nM)
epresent the anisotropies (r) of ssRNA, 12 nt; green triangles, of ssRNA, 24 nt; blue
Fig. 3. Fitting of ﬂuorescence anisotropy data of the protein binding to 12 nt ssDNA
oligonucleotide substrates. The red curve represents the ﬁt according to the multi-
binding site mode. The dissociation constant (Kd) obtained from the ﬁt is 25.7 nM
and the Hill coefﬁcient for the 12 nt substrate is 1.9.
Table 2
Binding of SSO1450 to oligonucleotides.
Type Length (nt/bp) Kd (nM) Hill coefﬁcient
ssDNA 7 127.7 ± 0.2 2.1
ssDNA 9 47.8 ± 0.7 2.2
ssDNA 12 25.7 ± 0.5 1.9
ssDNA 24 18.7 ± 0.2 1.9
ssDNA 36 41.2 ± 0.5 1.7
ssRNA 12 29.6 ± 0.8 1.9
ssRNA 24 42.8 ± 0.4 1.7
dsDNA 12 33.7 ± 0.4 2.2
dsDNA 24 18.3 ± 0.3 1.9
dsDNA 36 49.9 ± 0.5 1.9
dsRNA 12 35.3 ± 1.0 2.0
dsRNA 24 43.3 ± 0.3 1.8
DNA/RNA 12 35.0 ± 0.5 2.0
Fig. 4. Annealing of complementary DNA strands promoted by SSO1450. A 287 bp
dsDNA was prepared by PCR and was then denatured at 95 C for 5 min. The
renaturation was performed with 5 nM of DNA probe under increasing concentra-
tions of SSO1450 in 10 min at 30 C. The samples were analyzed on 4% native PAGE
gel. Lane 1, native dsDNA; lane 2, denatured DNA strands; lanes 3–5, denatured
DNA strands with 10 nM, 40 nM and 400 nM of SSO1450.
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the ﬂuorescein label in these complexes.
All protein concentrations used for the evaluation of the binding
constants were corrected for the percentage of binding active
SSO1450 in the protein solution. As determined by ﬂuorescence
anisotropy in a stoichiometric titration [16], the percentage of ac-
tive SSO1450 was found to be approximately 34%.
A possible inﬂuence of the ﬂuorescein marker on the binding
equilibrium was investigated by competition of a preformed com-
plex of ﬂuorescent DNA and SSO1450 with unlabeled probe. The Kd
value for the unlabeled probe evaluated from this experiment was
the same as that for the labeled probe. This shows that the ﬂuores-
cein label does not interfere with the binding of SSO1450 to the
DNA.
3.4. Strand annealing activity of SSO1450
The anisotropy titration data show that SSO1450 binds as a di-
mer with comparable afﬁnity to ssDNA, dsDNA as well as to ss or
ds RNA substrates. Furthermore, large complexes are observed
that are probably due to the formation of protein multimers on
longer DNA substrates. These properties suggest that SSO1450
participates in DNA and/or RNA renaturation and strand anneal-
ing. To investigate this point, SSO1450 was incubated with a
denatured DNA probe of 287 bp and the protein-induced renatur-
ation of the strands was then followed by native gel analysis. The
enhanced formation of the dsDNAs in the presence of SSO1450
(Fig. 4, lanes 3–5) indicates that SSO1450 is able to promote
DNA renaturation even in a one to one molecular ratio mode sug-
gesting an efﬁcient catalysis of DNA annealing. The background ofannealed dsDNA in the absence of protein (Fig. 4, lane 2) is as-
cribed to the uncatalyzed hybridization of the complementary
strands.
4. Discussion
Homology searches did not provide a clear prediction of the bio-
chemical properties of SSO1450. In the present work, SSO1450
could be shown to be a nucleic acid binding protein that binds in
an apparently sequence-independent way to ss/dsDNA and ss/
dsRNA with binding constants in the nanomolar range. The ﬁtting
of the ﬂuorescence anisotropy data indicates that SSO1450 partic-
ipates in the binding of oligonucleotides as preformed dimer or
alternatively that it dimerizes on the oligonucleotide. The observa-
tion of higher oligomers of SSO1450 during gel ﬁltration suggests
that equilibrium between SSO1450 monomers and higher oligo-
mers exists in solution. Interestingly, no clear nucleic acid binding
motif [18] is found in the SSO1450 sequence using differently com-
putational algorithms. Therefore, mutational studies of the protein
could not be performed in a rational way.
Our data suggest that SSO1450 could be involved in the anneal-
ing of complementary DNA strands. SSO1450 promotes this
annealing event in the presence of magnesium. This property is
reminiscent of the RecA catalyzed DNA annealing activity [19–
21]. The ability to catalyze double-strand formation implies that
SSO1450 is able to bind two single-strands (ssRNA or ssDNA).
The ﬂuorescence titration curves with the short DNA or RNA oligo-
nucleotides could be ﬁtted best assuming the binding of two pro-
tein molecules per oligonucleotide. An oligonucleotide-bound
dimer of SSO1450 will provide two binding sites for DNA or RNA
and hence a high local concentration of the nucleic acid bound
which will facilitate the hybridization of complementary single-
strands.
The CASS has been discovered in nearly all archaeal and in some
bacterial genomes. It is ascribed an immune function in the defense
against invading phage and plasmid DNAs [7,22]. The plasticity of
the CASS operon organization suggests that the CRISPR-associated
genomic regions are ‘‘hot spots” of recombination involved in
horizontal gene transfer. Until now the functional description of
this region is only based on computational prediction [6,7].
SSO1450 belongs to COG 1518 [6]. Further computational analysis
classiﬁed the encoded proteins as CAS1 proteins [22]. These CAS
proteins found consistently in all species that contain CRISPR loci.
Therefore, CAS1 proteins are now considered as the best universal
marker of the CASS. Another conserved class of CAS proteins that
consistently associate CRISPR is CAS2 protein cluster [7].
In former sequence analysis [6], the COG1518 proteins had been
predicted to harbor a nuclease activity. However, in the present
work, no nuclease activity could be detected under the conditions
(1 mM Ca2+ or Mg2+) used commonly for detection of nuclease
activity. We also failed to detect nuclease activity with DNA probes
containing repeat and spacer sequences that are derived from the
Fig. 5. Location of genes sso1449–sso1451 close to the Sso CRISPR sequence. In sequence alignment, Sso P2 protein genes sso1449 and sso8090, sso1450 and sso1451 are head-
to-tail overlapped. They belong to various COGs and cas groups. The red bars represent the overlapped regions.
1932 D. Han et al. / FEBS Letters 583 (2009) 1928–1932CRISPR located close to the sso1450 gene. However, it cannot be ex-
cluded that SSO1450 is a restriction endonuclease type nuclease
with strong preference for speciﬁc sequences that have yet to be
identiﬁed. In this context it should be noted that the sso8090 gene
preceding sso1450 has been shown recently to harbor endonucle-
ase activity [14].
On the other hand, the ﬁnding of a nucleic acid binding activ-
ity and DNA annealing activity strongly suggests that SSO1450
plays a role in DNA rearrangements, probably during excision
and insertion of the CRISPR sequences which is thought to be at
the center of CASS. This agrees partially with a model in which
COG 1518 proteins (to which SSO1450 belongs) is assumed to
mediate the insertion of repeated sequences into foreign dsDNA
sequence in the host genome [7]. Both nucleic acid binding and
annealing activities are required in integrase/recombinase events
[23–25].
The apparent sequence-independence of SSO1450 might be due
to the lack of enzyme cofactors. The sso1450 gene and its neighbors
are overlapped (Fig. 5) implying not only a co-expression of these
protein genes but also a functional relationship of the encoded pro-
teins. Therefore the study of protein complexes including the
neighbors of SSO1450 could provide further information on that
point.
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